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INTRODUCTION
performed at 20°C (29, 34, 35) . 159
The composition of the relaxing solution (with a total ionic strength of 180 mM) consisted 160 of 5.89 mM Na2ATP, 6.48 mM MgCl2, 40.76 mM K-propionate, 100 mM BES, 6.97 mM EGTA and 161 14.5 mM CrP with sufficient KOH to adjust the pH to 7.1. Activating solutions ranging from a 162
[Ca 2+ ] of 0.1 to 32 μM (maximal activation) were obtained by appropriate mixing of relaxing and 163 activating solution. The composition of the 'jump' solution was similar to the relaxing solution 164
but with an EGTA concentration of 0.1 mM (29, 35) . 165
Single fiber contractile experiments were performed as described previously (29) . In brief, 166 while the fiber was in relaxing solution, sarcomere length was set at 2.5 µm using a fast Fourier 167 transformation on a region of interest on the real-time camera image. The fiber was activated 168
shortly by placing it in activating solution ([Ca 2+ ] 32 μM), sarcomere length was checked 169 afterwards and adjusted when necessary. Muscle fiber length, width and depth were measured 170 using the live camera image. The cross section area (CSA) was calculated assuming that the fiber 171 cross section is ellipsoid. All contractile experiments were performed at a sarcomere length of 172 2.5 µm and are expressed as tension (force per CSA). 173 μM CK-2066260. 185 The rate constant of force redevelopment (κtr) was measured in activating solution by 186 rapidly releasing the fiber by 30% of its original length, followed by a quick restretch to its 187 original length. The κtr was determined by fitting a double exponential through the force 188 redevelopment curve (note that only the fast rate constant is reported as this is considered to 189 reflect cross-bridge cycling kinetics (6, 15) ). 190
Following the κtr protocol, active stiffness was determined by imposing small length 191 perturbations of 0.3, 0.6 and 0.9 % on the fiber resulting in a quick force response (Fig. 1) . The 192 tension change (∆T) was plotted as a function of the length change (∆L). Active stiffness was 193 derived from the slope of the fitted line and is a measure to estimate the number of cycling 194 cross-bridges. The ratio of maximal tension and active stiffness reflects the force generated per 195 cross-bridge (Fig. 1) . 196
197

MHC isoform composition and MHC content 198
At the end of the single fiber contractile protocol, the fibers were detached from the force 199 transducer and servomotor and the fiber was placed in 25 μL of SDS sample buffer. MHC isoform 200 composition was determined by SDS-PAGE as described previously (10, 29) . In brief, the 201 samples were denaturated by boiling for 2 minutes. A homogenate of control diaphragm muscle 202 was run on each gel for comparison of migration patterns of the MHC isoform and, from known 203 amounts of purified rabbit MHC (M-3889; Sigma) run on every gel, a standard curve was 204 constructed to determine MHC content in the single fibers. The gels were silver stained and 205 scanned with an image densitometer, and optical densities of the electrophoretic bands were 206 quantified. Total MHC content of the fiber was determined (in 25μL SDS buffer) based on the 207 standard curve. MHC concentration was calculated by dividing total MHC content by muscle 208 fiber volume. We discriminate only between slow-twitch and fast-twitch fibers. The CSA of fast-twitch and slow-twitch diaphragm fibers was assessed in control subjects 233 (N=15) and CTEPH-patients (N=11), see Fig.2A . No significant difference in CSA was observed 234 between groups in both slow-twitch and fast-twitch muscle fibers (Fig.2B) In case a multilevel analysis was used, the number of the individual muscle fibers is indicated 247 above the bars. 248
Maximal tension -The maximal force-generating capacity -normalized to CSA (i.e. 249 tension) -was determined in single permeabilized diaphragm muscle fibers of CTEPH-patients 250 and controls. Maximal tension of slow-twitch muscle fibers was significantly lower in 251 fast-twitch muscle fibers. 253
Cross-bridge cycling kinetics -To evaluate the underlying cause of the reduction in 254 maximal tension we studied the cross-bridge cycling kinetics. The active tension generated by 255 permeabilized muscle fibers is determined by: 1) the number of available cross-bridges; 2) the 256 fraction of strongly bound cross-bridges (αfs); and 3) the force generated per cross-bridge (5, 257 10). A reduction in maximal tension should be accompanied by a change in one or more of these 258 three determinants. 259
First, we measured active stiffness by imposing small length changes on the fiber during 260 maximal activation (for details see Fig.1 ). The force change during these length perturbations is 261 caused by stretch of the bound cross-bridges (not by passive-elastic structures in the muscle 262 fibers), and therefore active stiffness provides an estimate of the number of attached 263 cross-bridges during activation. A reduction in active stiffness was observed in slow-twitch 264 muscle fibers of CTEPH-patients ( Fig.3B ) while no change was observed in fast-twitch muscle 265
fibers. This finding suggests that the number of attached cross-bridges is reduced in slow-twitch 266 muscle fibers of CTEPH-patients. We also measured the rate of force redevelopment (κtr) during 267 maximal activation. No significant difference in κtr was observed between groups in both 268 slow-twitch (CTRL vs. CTEPH: 5.09±0.11 vs. 5.03±0.13[s -1 ]) and fast-twitch (CTRL vs. CTEPH: 269 14.24±0.65 vs. 14.14±076[s -1 ]) muscle fibers. This suggests that the reduced number of attached 270 cross-bridges is not a result of a reduced fraction of attached cross-bridges (αfs ) (note that 271 caution is warranted: to conclusively establish that αfs is unaltered, stiffness measurements 272 during rigor conditions or measurements of the rate of cross-bridge detachment would be 273 necessary). Finally, we estimated the force generated per cross-bridge by calculating the 274 tension/stiffness ratio. No significant difference was observed between groups ( Fig.3C) , 275
indicating that the reduction in maximal tension was proportional to the reduction in active 276 stiffness. 277 maximal tension in slow-twitch diaphragm fibers of CTEPH-patients is caused by a reduction in 279 the number of bound cross-bridges. Next, we studied whether this reduction in the number of 280 bound cross-bridges in slow-twitch diaphragm fibers was a result of a reduced concentration of 281 myosin, the main contractile protein. Indeed, as shown in Figure 4 , the myosin heavy chain 282 concentration in slow-twitch diaphragm fibers of CTEPH-patients was significantly reduced 283 compared to that in diaphragm fibers of control subjects (note that these biochemical assays 284
were performed in the same slow-twitch diaphragm fibers as were used for the mechanical 285 measurements). 286
Calcium sensitivity of force -During normal inspiration, the diaphragm is not 287 maximally activated, but is activated at submaximal firing rates. Therefore, we measured the 288 force response at submaximal [Ca 2+ ] and determined the Ca 2+ -sensitivity of force. As shown in 289 was determined in all fibers, and a significant increase in EC50 was found in fast-twitch muscle 294 fibers (CTRL vs. CTEPH: 0.61±0.09 vs. 0.76±0.18 [μM], p<0.05), whereas no change was 295 observed in slow-twitch muscle fibers (CTRL vs. CTEPH: 0.82±0.10 vs. 0.84±0.07 [μM]). As a 296 result, the tension (i.e. force per CSA) of fast-twitch muscle fibers was significantly reduced at 297
[Ca 2+ ] of 0.63µM; a concentration close to the EC50 (Fig. 5C) . 298
Next, we tested the ability of the fast skeletal troponin activator CK-2066260 to improve 299 contractility at submaximal [Ca 2+ ] in fast-twitch muscle fibers in a subset of CTEPH-patients 300 (N=6) and controls (N=6; note that these experiments were not powered to detect differences in 301 EC50 between fibers of CTEPH (DMSO) and control (DMSO) subjects, which explains the less 302 pronounced leftward shift of the force-Ca 2+ relation in Fig.5D than in Fig.5B ). Previous work14 this concentration was used in the present study. As CK-2066260 specifically targets fast 305 troponin C (36), no effect on the Ca 2+ -sensitivity of force in slow-twitch muscle was observed 306 (Fig. 5E) (Fig.  310   5D) . As a result, tension at [Ca 2+ ] of 0.63μM was significantly increased in fast-twitch muscle 311 fibers of CTEPH-patients during exposure to CK-2066260 (Fig. 5E ). That CK-2066260 had a 312 comparable effect on force in diseased (i.e., CTEPH) fibers compared to healthy (i.e., control 313 subjects') fibers is in line with previous studies on troponin activators (36). 314 315
In vivo inspiratory muscle function 316
The average MIP, measured in CTEPH-patients (6.2±2.4kPa, N=9) 1-2 day prior to pulmonary 317 endarterectomy, was comparable to previously reported values in PH-patients (Table 1) (22,  318 32), and was lower than normal values (2). We sought to find correlations between MIP and 319 diaphragm muscle fiber contractility and size. For these correlations we pooled both fiber types, 320
as MIP is a reflection of the contractile strength of all diaphragm fibers together. Maximal 321 diaphragm muscle fiber force showed a strong correlation with MIP (Fig. 6 ). Both diaphragm 322 muscle fiber CSA and maximal tension (i.e. force normalized to CSA) contribute to maximal force, 323 but neither significantly correlated with MIP (P > 0.05 in both instances). The maximal force of 324 diaphragm muscle fibers did not significantly correlate with 6 minute walking test (r 2 =0.24, 325 p=0.18). Finally, hemodynamic parameters (e.g. mPAP, CO and PVR) did not correlate with MIP 326 or with the maximal force of diaphragm fibers (P > 0.05 in all cases). 327 alone might affect muscle function, we also obtained a biopsy of the pectoralis major (N=9) or 332 rectus abdominus muscle (N=4) in the same patient. A comparison between the contractility of 333 fibers of the diaphragm and from these non-diaphragm muscles is shown in figure 7 . In 334 slow-twitch fibers of CTEPH patients, maximal tension of non-diaphragm fibers was significantly 335 higher compared to that of diaphragm fibers of the same patients (and, importantly, comparable 336 to that of diaphragm fibers of control subjects, Fig.3A) . In fast-twitch fibers of CTEPH patients, 337 maximal tension of non-diaphragm fibers was comparable to that of diaphragm fibers (and to 338 that of diaphragm fibers of control subjects, Fig. 3A ). These findings suggest that surgery by itself 339 does not greatly affect skeletal muscles in general. This is further supported by the correlation of 340 MIP, measured pre-operatively, with the contractility of individual diaphragm muscle fibers 341 obtained during pulmonary endarterectomy (Fig. 6) . 342
343
(1) the maximal force generating capacity of slow-twitch diaphragm muscle fibers is reduced in 346 CTEPH-patients. 347
(2) the calcium sensitivity of force is reduced in fast-twitch diaphragm muscle fibers of 348 CTEPH-patients, a reduction which was restored by the fast skeletal troponin activator 349 CK-2066260. 
Reduced contractility of diaphragm muscle fibers correlates with inspiratory muscle 355 weakness in CTEPH-patients 356
Several studies have reported on inspiratory muscle weakness in PH-patients (22, 32). The 357 average MIP (6.2kPa) measured in CTEPH-patients in the present study was comparable to that 358 previously reported in PH-patients (~6kPa), and is lower than the MIP of control subjects 359 (~8kPa) (22, 32). Thus, the cohort of CTEPH-patients suffered from inspiratory muscle 360
weakness. 361 362
Thus far, the pathophysiology that underlies this weakness has not been completely understood. 363
Previous studies in animal models with PH demonstrated a reduction in diaphragm muscle fiber 364 size and sarcomeric dysfunction (1, 29). Similar changes have also been observed in a pilot study 365 on biopsies of PH-patients (28). However, based on the low number of patients and the absence 366 of fiber typing in that study a definite conclusion could not be drawn. Importantly, in the present 367 study we combined measurements of in vivo and ex vivo inspiratory muscle contractility in 368 individual CTEPH-patients. 369 contrast to a significant reduction in CSA reported previously in PH-patients (28). This 371 discrepancy might be a consequence of the current study not being designed to detect changes in 372 fiber CSA (it was powered on muscle fiber contractility), and therefore the statistical power to 373 detect changes in fiber CSA might not have been sufficient. Alternatively, the discrepancy with 374 previous work might be explained by the fact that in the previous study end-stage PH-patients 375 were studied. Hemodynamics in end-stage PH-patients are much more compromised than those 376 of the CTEPH-patients studied here, likely resulting in more pronounced inspiratory muscle 377 weakness (9). The CTEPH-patients studied here were selected for PEA, an advanced surgical 378 intervention that is performed only on stable patients (thus cachectic patients, who are likely to 379 exhibit diaphragm fiber atrophy, were excluded). In non-failing PH-rats, also no reduction in 380 diaphragm muscle fiber CSA was observed (28). Therefore, we propose that reductions in 381 diaphragm fiber size only occur in end-stage disease, whereas changes in contractility occur 382 already at earlier disease-stages. 383
To evaluate diaphragm muscle fiber contractility, biopsies are indispensable. These 384 biopsies are obtained from the belly of the diaphragm. Hence, normal excitation-contraction 385 coupling is disrupted and we therefore permeabilized the muscle fibers. In permeabilized 386 muscle fibers the membranous structures are made permeable while leaving the sarcomeres 387 intact. By exposing these fibers to exogenous calcium, fiber contractility was studied. These 388 experiments revealed that diaphragm muscle fiber contractile function was impaired in 389 CTEPH-patients. Maximal tension was reduced in slow-twitch muscle fibers, and the calcium 390 sensitivity of force was reduced in fast-twitch fibers. As a result, submaximal tension was 391 reduced by ~40% in fast-twitch muscle fibers of CTEPH-patients (Fig.5C , note that this was also 392 reduced in slow-twitch fibers, but that the reduction did not reach significance), and by ~25% 393 when both slow-twitch and fast-twitch muscle fibers were combined. This is an importantgenerates submaximal force generation. Thus, reduced contractility of diaphragm fibers might 396 substantially contribute to inspiratory muscle weakness. 397
398
The underlying cause of diaphragm muscle fiber weakness in PH is not clear. Both systemic as 399 well as local factors may affect inspiratory muscle function in PH-patients (30). For instance, 400 oxygen supply to the muscles may be reduced due to cardiac dysfunction and a reduction in 401 cardiac output during exercise (17, 38, 40) . However, no correlation between cardiac output and 402 diaphragm muscle function was observed, suggesting that other factors may play a role. 403
Pro-inflammatory cytokines are elevated in the systemic circulation of PH-patients, which may 404 affect the muscles (8, 13, 37) . This may explain why peripheral muscle dysfunction is also 405 observed in 4, 25, 31) . Muscles are also sensitive to changes in activity and load, 406 and remodel accordingly. PH-patients hyperventilate, or become hypercapnic, during exercise, at 407 rest, and sometimes even during sleep, placing an increased demand on the inspiratory muscles 408 (22, 28, 29, 33) . The underlying cause of this hyperventilation is not completely clear, but it 409 might be a reflection of increased sympathetic overdrive. The low end-tidal CO2 (PetCO2) as well 410 as CO2 arterial pressure in PH-patients (7, 16, 41) and also in our cohort of CTEPH-patients 411 (table 1), suggest that PH-patients indeed ventilate more than needed.mechanism underlying the development of contractile weakness in slow-twitch diaphragm 422 fibers of CTEPH-patients. 423
424
Clinical relevance 425
In the current study we tested the ability of the fast skeletal troponin activator, CK-2066260, to 426 restore submaximal diaphragm fiber strength. Upon exposure to CK-2066260, the contractile 427 strength of fast-twitch diaphragm fibers of CTEPH-patients as well as of control subjects 428 markedly improved at submaximal calcium concentrations (Fig. 5D and 5E ). Since ~50% of 429 fibers in the human diaphragm consists of fast-twitch fibers (18) The correlation between diaphragm muscle fiber maximal force and MIP in 438 CTEPH-patients (Fig. 6) suggests that contractile dysfunction of diaphragm fibers contributes to 439 inspiratory muscle dysfunction. The disparity between the reduction in diaphragm muscle fiber 440 maximal tension (~15%) and in vivo inspiratory muscle function (~25%) suggests that 441 extra-sarcomeric changes, neuromuscular transmission, neural input, and/or weakness of other 442 inspiratory muscles might also contribute to in vivo inspiratory muscle weakness. However, 443 when the findings from slow-twitch and fast-twitch muscle fibers are combined, reflecting total 444 diaphragm function, a reduction of ~25% in submaximal tension is observed (Fig. 5C) . A 445 reduction of 25% in tension, at activation levels close to those in vivo, may very well be of clinical 446 significance, in particular during activities that involve strenuous exercise. 447
Comparable values for MIP, as we observed in CTEPH-patients, were reported in patient cohorts 450 consisting of idiopathic PH (32). Furthermore, pilot data from de Man et al. on end-stage 451 PH-patients also showed a significant reduction in force generating capacity of diaphragm fibers 452 (28). Thus, also in other forms of PH, weakening of diaphragm muscle fibers likely contributes to 453 weakness of the inspiratory muscles. 454
455
Study limitations 456
For in vivo measures of inspiratory muscle function a MIP maneuver was used. This was a 457 voluntary test and differences in patients' effort can influence the results. However, it was 458 previously shown that MIP is significantly lower in PH-patients, either measured by voluntarily 459 maneuvers or by stimulation of the phrenic nerve (22). Furthermore, MIP was not determined in 460 control subjects, and therefore caution is warranted when interpreting the MIP data from the 461 CTEPH-patients. The values for MIP in the present group of CTEPH-patients were comparable to 462 those determined in previous studies, studies in which MIP values in control subjects were also 463 determined and were significantly higher than those in 32 
